A noninvasive assessment of infarct size and transmural extension of myocardial infarction (TEMI) is fundamental in experimental models of ischemia-reperfusion. Conventional echocardiography parameters are limited in this purpose. This study was designed to examine whether speckle tracking imaging can be used in a rat model of ischemia-reperfusion to accurately detect the reduction of infarct size and TEMI induced by erythropoietin (EPO) as early as 24 h after reperfusion. Rats were randomly assigned to one of three groups: myocardial infarction (MI)-control group, 45 min ischemia followed by 24 h of reperfusion; MI-EPO group, similar surgery with a single bolus of EPO administered at the onset of reperfusion; and sham-operated group. Short-axis two-dimensional echocardiography was performed after reperfusion. Global radial (GSr) and circumferential (GScir) strains were compared with infarct size and TEMI assessed after triphenyltetrazolium chloride staining. As a result, ejection fraction, shortening fraction, GSr, and GScir significantly correlated to infarct size, whereas only GSr and GScir significantly correlated to TEMI. EPO significantly decreased infarct size (30.8 Ϯ 3.5 vs. 56.2 Ϯ 5.7% in MI-control, P Ͻ 0.001) and TEMI (0.37 Ϯ 0.05 vs. 0.77 Ϯ 0.05 in MI-control, P Ͻ 0.001). None of the conventional echocardiography parameters was significantly different between the MI-EPO and MI-control groups, whereas GSr was significantly higher in the MI-EPO group (29.1 Ϯ 4.7 vs. 16.4 Ϯ 3.3% in MI-control; P Ͻ 0.05). Furthermore, GScir and GSr appeared to be the best parameters to identify a TEMI Ͼ0.75 24 h after reperfusion. In conclusion, these findings demonstrate the usefulness of speckle tracking imaging in the early evaluation of a cardioprotective strategy in a rat model of ischemia-reperfusion.
improve outcomes. One of these newer cardioprotective approaches is the administration of erythropoietin (EPO) at the time of myocardial reperfusion (21) . EPO has been shown to reduce myocardial infarct size, ventricular dysfunction, and apoptosis in numerous experimental studies (2, 3, 13, 16, 18, 19, 29, 33) . Several ongoing clinical trials are now recruiting patients.
The rat model of left anterior descending coronary artery (LAD) ligation followed by reperfusion is commonly used in research focused on reperfusion injury. Transmural extension of the necrosis, a marker of viability, and infarct size are two major prognostic markers that must be accurately measured in this model. Triphenyltetrazolium chloride (TTC) staining is the most commonly used method to measure infarct size and transmural extension of the necrosis early after reperfusion (35) . As a final assessment, however, TTC staining cannot be used for longitudinal follow-up. Several noninvasive imaging techniques attempted to measure infarct size and viability in rodents: single-photon emission computed tomography (11, 36) , positron emission tomography (27) , magnetic resonance imaging (23, 32, 37) , and contrast echocardiography (24) . These options are not only invasive in nature as they require intravenous access and deep anesthesia, but, in addition, they are not widely available. In large animal and clinical studies, recent breakthroughs in echocardiographic tools have enabled regional myocardial deformation function to be quantified. The relevance of regional deformation in the assessment of infarct transmurality was first reported in dogs using the radial transmural velocity gradient (8) . More recently, strain rate derived from tissue-Doppler imaging has been reported to be a more accurate tool than conventional echocardiography in predicting transmural extension of necrosis in mice 24 h after LAD ligation (31) . Speckle tracking imaging is a recently developed tool that tracks the interference patterns from subwavelength structures so as to characterize segmental muscle movement, while simultaneously measuring strain in two orthogonal directions from a single echocardiographic view. Speckle tracking is not constrained by the two major limitations of Doppler tissue imaging in the assessment of the strain rate: angle dependence and the ability to assess only one strain component at a time. Speckle tracking was carried out in a variety of clinical settings (1, 5, 9, 14) , and its use was recently validated in rats, since it correctly identified segmental left ventricular (LV) dysfunction induced by scarring 4 to 10 wk following LAD ligation (15) . Therefore, this study was designed to examine whether speckle tracking imaging can be used in a rat model of ischemia-reperfusion to accurately detect the reduction of infarct size and transmural extension of necrosis induced by EPO as early as 24 h after reperfusion.
MATERIALS AND METHODS
Wistar rats, 10 wk old, weighing ϳ200 -250 g were used in this study. All animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of Health (NIH Publication No. 85-23, Revised 1996). The protocol was approved by a regional Animal Care and Ethics Committee.
Myocardial Infarction Mode
Rats were anesthetized with pentobarbital sodium (60 mg/kg ip) and ventilated with an endotracheal tube (Series Small Animal Ventilator, SAR-830/P, CWE). Body core temperature was monitored during the surgical procedure with a rectal thermometer and maintained at 36 -38°C, using a homeothermic blanket connected to a temperature control unit (HB101/2 RS, BIOSEB). Animal transmitters (CTA-F40 implant, DSI, St. Paul, MN) were implanted subcutaneously for ECG monitoring. A left thoracotomy was performed in the fifth intercostal space. After the removal of the pericardium to expose the heart, a 7-0 monofilament suture was placed around the proximal portion of the LAD. The ligature ends were passed through a small length of plastic tube to form a snare. For coronary artery occlusion, the snare was pressed onto the surface of the heart directly above the coronary artery. Ischemia was confirmed by blanching of the myocardium, dyskinesis of the ischemic region, and ST-segment elevation on the ECG. After 45 min of occlusion, reperfusion was achieved by loosening the snare and confirmed by a marked hyperemic response at reperfusion.
Experimental Protocol
Rats were randomly assigned to one of three groups: 1) myocardial infarction (MI)-control, ischemia-reperfusion with a single bolus of 500 l PBS administered intravenously at the onset of reperfusion; 2) MI-EPO, a single bolus of 1,000 IU/kg (equivalent to 5 g/kg) darbepoietin alpha (Aranesp, Amgen) diluted in 500 l PBS, administered intravenously at the onset of reperfusion (29) ; and 3) shamoperated group (same surgical procedure as the MI groups without tightening the snare). The rats were weaned off mechanical ventilation and returned to cages to recover. The rats were lightly reanesthetized with ketamine (60 mg/kg ip) 24 h after reperfusion for the echocardiography. In an additional substudy, rats from the MI-control and MI-EPO groups underwent the echographic analysis 7 days instead of 24 h after surgery. Following echography, all rats were euthanized under deep anesthesia.
Echocardiography
Echocardiography was performed using a commercially available ultrasound system (VIVID7, GE Medical Systems) equipped with a 10-MHz sectorial probe (10S). The chest was shaved, and the animal was positioned on a heating pad in a supine position. A single-channel electrocardiogram was obtained on the imaging system. All images were digitally stored on hard disks for off-line analysis (EchoPac Q-analysis software, GE-Medical). All acquisitions were performed by the same operator (F. Treguer), while off-line analysis was conducted by a well-trained investigator (G. Dermeaux) who was blinded to the allocated groups.
M-mode tracings were recorded from the parasternal short-axis view at the level of the papillary muscles with two-dimensional image guidance. Anterior wall (AW) and posterior wall (PW) thickness and LV cavity diameters were measured as recommended by the American Society of Echocardiography (25) . LV ejection fraction (EF) and LV shortening fraction (SF) were calculated from M-mode tracings.
Speckle tracking imaging was analyzed from a loop of twodimensional images recorded in the parasternal short-axis view at the papillary muscle level with a frame rate of 196 images per second and a depth of 2 cm. During image analysis, the endocardial border was manually traced, and the region of interest width was manually adjusted so as to include the entire myocardium. The software automatically tracked and accepted segments of good tracking quality and rejected poorly tracked segments, while allowing the observer to adjust the segmental region of interest width. Global radial strain (GS r) and global circumferential strain (GScir) were calculated by averaging, respectively, the radial and circumferential peak systolic strain values obtained in the six myocardial segments (anteroseptal, anterior, anterolateral, lateral, inferior, and inferoseptal) (Fig. 1) .
Infarct Size and Transmurality Assessment
The rats were reanesthetized with pentobarbital sodium (100 mg/kg ip) following echocardiography. Heparin (1,500 IU/kg) was administered intravenously to prevent intracoronary clot formation. The heart was then removed, and the LAD was reoccluded using the 7-0 monofilament suture kept in place. The ascending aorta was retrogradely perfused ex vivo with Evans blue. The LV was sliced transversely from apex to base into five to six 1-mm slices using a coronal heart slicer matrix (Braintree Scientific). The slices were weighed and incubated in 1% TTC (Sigma) in a phosphate-buffered solution (pH 7.4) at 37°C for 20 min and then fixed in 10% formalin. Computerized planimetry (ImageJ software, NIH, Bethesda, MD) was used to determine the area at risk (AAR, nonblue) and the area of necrosis (AN, white area) from images of each section. AAR and AN were corrected for the weight of the section. The total weights of AAR and AN were calculated and expressed in grams and their percentage of the LV or AAR weight.
The degree of transmural extension of infarction was calculated from the slice encompassing the papillary muscles, as previously described (8, 31) . The transmural extension of MI (TEMI) within the two lateral borders of the necrotic area was calculated. Four equidistant transmural radii were traced perpendicular to the endocardial and epicardial boundaries. On each radius, the ratio of the length of the infarct zone divided by the distance between the endocardial and epicardial borders was calculated. The TEMI was the mean value of the ratio of the four radii.
Statistical Analysis
All values were expressed as means Ϯ SE. Statistical analyses were performed using StatView 4.0 software. Between-group differences were evaluated using one-way ANOVA, followed by Student-Neuman-Keuls post hoc test. A P value Ͻ0.05 was considered statistically significant. Receiver operating characteristic curves (ROC, using SPSS software) were analyzed for EF, SF, GSr, and GScir to determine the best echographic parameter for identifying transmural MI, which is defined as TEMI Ͼ0.75.
RESULTS
A 40% mortality rate was observed following surgery in both MI groups. In total, 26 rats were available for analysis 24 h after reperfusion (7 sham, 8 MI-control, and 11 MI-EPO). Two rats from the MI-EPO group were excluded from echographic analysis because of poor image quality. Twelve rats were used for the analysis 7 days after surgery (6 MI-control and 6 MI-EPO).
Twenty-Four Hours After Reperfusion
EPO-induced cardioprotection. The area induced by LAD ligation (AAR/LV) did not differ between MI groups (MIcontrol, 34.0 Ϯ 4.3 vs. MI-EPO, 32.4 Ϯ 4.4%, not significant).
As expected, EPO treatment was associated with MI size reduction (AN/AAR, 56.2 Ϯ 5.7 vs. 30.8 Ϯ 3.5% in MI-control and MI-EPO, respectively, P Ͻ 0.001). EPO also reduced the transmural extension of the infarct (TEMI, 0.77 Ϯ 0.05 vs. 0.37 Ϯ 0.05 in MI-control and MI-EPO, respectively, P Ͻ 0.001). Basic echographic parameters. It should be noted that physiological heart rates, obtained at the time of echocardiography using a low dose of ketamine, did not differ significantly among the three tested groups (Table 1) . When compared with the sham-operated group, 45 min of ischemia in MI-control significantly increased LV diameters and altered systolic function, as assessed by EF and SF. EPO improved EF and LV diastolic diameter, as these two parameters were not significantly different from those observed in the sham-operated group. However, none of the conventional echography parameters in MI-EPO was significantly different from the values observed in MI-control.
Regional and global strains. Because of poor speckle tracking imaging, radial strain was not analyzed in two (1 from sham, and 1 from MI-EPO) of the 24 rats, in which conventional data were measured (feasibility ϭ 91.7%). For the same reason, circumferential strain was not analyzed in four (2 from sham, 1 from MI-control, and 1 from MI-EPO) of the 24 rats (feasibility ϭ 83.3%).
As compared with sham-operated rats, 45 min of ischemia in MI-control significantly decreased most of regional circumferential strain values, all regional radial strain values, and both GS r and GS cir (Tables 1 and 2 ). Contrary to all conventional parameters, GS r was significantly higher in the MI-EPO compared with the MI-control group.
Echographic assessment of infarct size and transmural extension of the necrosis. EF, SF, GS r , and GS cir were all significantly correlated to the myocardial infarct size, whereas AW thickening was not (Fig. 2) . Only GS r and GS cir were correlated to the transmural extension of the infarct, whereas all conventional parameters were not (Fig. 3) . With the use of ROC analysis, GS cir and GS r were the best parameters for identifying a TEMI Ͼ 0.75 (area under the curve, 90.1 and 87.9, respectively) (Fig. 4) . A GS cir cutoff value of Ϫ9.25% identified TEMI Ͼ0.75 with a sensitivity of 86% and specificity of 85%. A GS r cutoff value of 26.25% identified TEMI Ͼ 0.75 with a sensitivity of 100% and specificity of 77%. 
Seven Days After Surgery
EPO injected at the time of reperfusion was associated with significant myocardial infarct size reduction 7 days after surgery (Table 3) . On the opposite end of the data obtained 24 h after reperfusion, conventional echographic parameters were significantly improved 7 days after EPO treatment. Similarly with the assessment at 24 h, GS r was significantly higher in the MI-EPO group compared with the MI-control group (Table 3) .
EF (R ϭ 0.68, P ϭ 0.012), SF (R ϭ 0.72, P ϭ 0.008), and GS r (R ϭ 0.82, P Ͻ 0.001) were all significantly correlated to AN/AAR while a trend was observed with AW thickening (R ϭ 0.57, P ϭ 0.05). Contrary to the data observed at 24 h, GS cir was not correlated to AN/AAR (R ϭ 0.50, P ϭ 0.10).
AW thickening (R ϭ 0.69, P ϭ 0.01), EF (R ϭ 0.74, P ϭ 0.006), SF (R ϭ 0.80, P ϭ 0.002), and GS r were all correlated to the transmural extension of the infarct at day 7, whereas GS cir was not (R ϭ 0.31, P ϭ 0.33).
DISCUSSION
In this rat model of ischemia-reperfusion, GS r and GS cir assessed by speckle tracking imaging were more accurate than conventional echocardiography parameters for quantifying the transmural extension of the necrosis early after reperfusion. As early as 24 h after reperfusion, GS r noticeably demonstrated its ability to predict the decrease in infarct size and transmurality when using EPO at the time of reperfusion. To our knowledge, this is the first study to report the usefulness of speckle tracking imaging in the early evaluation of a cardioprotective treatment in rodents.
Echocardiography is essential for research focused on cardioprotection approaches in rodent models of ischemia-reperfusion. Conventional echocardiography parameters are widely used in these models to noninvasively assess the postinfarct remodeling process, allowing for a longitudinal follow-up of LV dilatation and systolic dysfunction (4). Combined Doppler transmitral flow velocity and mitral annulus velocity obtained by tissue-Doppler imaging also provides an accurate assessment of LV filling pressures (17) . Recently, echocardiographic deformation imaging has been proposed as a novel approach for determining scar size and viability, two major predictors of LV remodeling and outcomes following MI onset. In the clinical setting, strain rate derived from tissue-Doppler imaging appears to be an attractive tool for determining the transmural extension of the necrosis (34) . In a murine model of ischemia-reperfusion, strain rate imaging was reported to better predict the transmural extension of the necrosis 24 h, 3 days, and 4 mo after the surgical induction of ischemia-reperfusion than conventional echocardiography parameters (30, 31) .
Although Doppler tissue imaging exhibits superior temporal resolution than speckle tracking, the Doppler angle dependency restricts Doppler-derived strain and strain rate assessment to the AW and PW. Two-dimensional strain imaging derived from speckle tracking imaging is based on motion analyses of natural acoustic markers in two-dimensional ultrasonic images. This method has the advantage of tracking acoustic markers in two dimensions along the direction of the wall, rather than along the ultrasound beam (7). This angle independence allows for the assessment of strain in segments that are not perpendicular to the ultrasound beam. Similarly to the strain rate obtained from Doppler tissue imaging, the ability of the two-dimensional strain to differentiate between infarcted and noninfarcted myocardium was validated in a closed-chest swine model of MI (28) . Recently, the ability of two-dimensional strain to predict infarct size in humans was compared with Doppler-derived strain performance in the acute phase of ST-segment MI (26) . Global longitudinal strain derived from a 16-segment model showed a good correlation with infarct size assessed by magnetic resonance imaging, with the best correlation being seen for global peak systolic speckle strain. Interestingly, circumferential strain assessed from the parasternal short-axis view divided into six segments was the best parameter to separate transmural from subendocardial necrosis (26) .
In rats, segmental two-dimensional strain was measured 60 min following a sequence of 12 or 30 min of LAD occlusion (12) . Segmental radial and circumferential strains were significantly correlated to segmental infarct size, and the segmental radial strain had the best ability to detect segments with infarction Ͼ50%. There was no evaluation of the transmural extension of the necrosis in this work, and global strain values were not reported. In the present study, we chose not to focus on infarct size within each segment but rather on the entire infarct size, which is the most frequently used parameter in research focused on myocardial salvage in the ischemia setting.
Using this approach, we demonstrated that GS r and GS cir assessed 24 h after reperfusion were strongly correlated to the entire infarct size. In terms of viability, global strains also predicted a transmural extension of necrosis Ͼ75% in the infarcted segments. The impact of infarct size and transmural extension of necrosis to the global values of strains is consistent with a previously published article, even if global strain values were not reported. Migrino et al. (12) reported a reduction in radial strain, and to a lesser extent circumferential strain, in segments not supplied by the occluded artery, i.e., inferolateral, inferior, and inferoseptal segments (12) .
Limits
Global strain values were obtained from a loop of twodimensional images recorded in a parasternal short-axis view at the papillary muscle level. When calculating the degree of transmural infarct extension by TTC staining, special care was taken to select the slices from the papillary muscle level. Nevertheless, we cannot be absolutely certain that the myocardial regions assessed by TTC were exactly the same as those analyzed using speckle tracking. Although we focused on radial and circumferential strains only, speckle tracking-based global longitudinal strain was reported to be strongly related to infarct size and transmurality in humans (22, 7) . High-quality images from apical long-axis, two-and four-chamber views cannot be obtained from rats. However, the present study was not conducted to develop a new tool in the infarct assessment in humans but to improve myocardial infarct size and viability assessment in a frequently used rat model of ischemia-reperfusion.
While the optimal frame rate for speckle tracking appears to be 50 -70 frames per second in humans (7), global strain Values are means Ϯ SE; n, number of rats. AAR, area at risk; AN, area of necrosis; TEMI, transmural extension of the MI. measurements in this study were taken from images obtained with high-acquisition frame rates. However, Migrino et al. (12) have compared speckle tracking-based radial and circumferential strains taken at three different frame rates (230 -258, 136 -189 and 95-105 frames per second), reporting good correlations between data taken from high-frame and those obtained from lower-frame rates.
Our conclusions may be limited to the experimental model we used here. Even if GS r was highly correlated to variable MI sizes and TEMI 24 h and 7 days after reperfusion in the present study, the definitive answer about the role of speckle tracking in the assessment of myocardial damage at several time points and variable levels of TEMI and AN will require other experiments.
Conclusion
In our experimental conditions, speckle tracking-based strains were valuable noninvasive parameters for assessing early after reperfusion the efficacy of a therapeutic strategy aimed at decreasing infarct size.
ACKNOWLEDGMENTS
We thank Pierre Legras and Jerome Roux from the Service Commun de l'Animalerie Hospitalo-Universitaire d'Angers for taking care of the animals. 
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s).
